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A.  Bladed  Section 
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D.  Qrassy  Area  (Unmowed) 
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II  Pat  Clay  (ch) 

A.  Weathered 
B •  Bladed 

III  Sand  (SP) 

A.  Dry 

B.  Wet 

IV  Sandy  Gravel  (GW) 

A.  As  Deposited 

B.  Sprinkled  and  Ccanpacted 

V  Water 

A.  Fresh 

This  system  of  soil  condition  nomenclature  vas  used  to  provide  a 
complete  cross  reference  hetween  this  report  and  References  2  and 
3.  A  single  designation  was  used  which  consists  of: 

1)  A  Roman  numeral  that  designates  the  type  of  soil, 

2)  An  alphabetical  symbol  that  designates  the  soil  preparation. 

3)  The  test  number  assigned  at  the  time  the  test  was  conducted. 

A  designation  con  consist  of  the  first  two  pai’ts  when  reference  is 
made  to  a  series  of  tests. 

Example:  Data  designated  I  B  25. 

Ihis  data  refers  to  test  number  25>  v/hich  was  conducted  over  a  plowed 
flat  Bin-face  of  lean  clay. 
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1.  SUMMARI 


This  r^ort  siarnnariaes  the  results  of  previous  tests,  whieh  included 
disk  loadings  from  2  to  1^0  pounds  per  square  foot  and  Z/D  ratios 
from  ,25  to  3*  During  th's  testing  velocity  surveys  over  non- 
eroding  surfaces,  erosion  rates  for  various  soils,  and  deflections 
in  water  surfaces  were  obtained.  The  configurations  used  in  the 
tests  were*  open  propellers,  ducted  propeller,  side  by  side  jets, 
and  Ground  Effect  Machines  (GEM)  of  the  plenum  and  annular  nozzle 
type.  • 

When  considering  a  circular  jet  impinging  normal  to  a  smooth  sur¬ 
face  under  no  wind  conditions,  and  for  radial  di-stances  greater  than 
two  and  one-half  times  the  jet  radius,  the  following  conclusions  can  be  made: 
The  velocity  parallel  to  the  surface  depends  upon  the  total  thrust  and  not 
upon  the  disk  loading.  The  field  maxljuum  surface  velocity  is  a  function  of 
disk  loading  and  Z/D.  The  radial  surface  jet  thickness  increases  linearly 
with  the  distance  from  the  impingement  point. 

Although  the  surface  dynamic  pressure,  at  large  radial  distances, 
is  proportional  to  the  total  thrust,  it  is  the  field  maximum  djTiamic 
pressure  that  initiates  the  erosion.  The  onset  of  erosion  is  there¬ 
fore  determined  by  the  disk  loading,  Z/D,  and  the  critical  (^Tiamlc 
pressure  for  the  particular  surface. 

Light  surface  winds  will  deflect  the  radial  Jet  above  the  surface  and 
transport  small  particles  back  to  the  Impingement  area.  This  in¬ 
stitutes  considerable  operational  difficulty. 

With  the  exception  of  gravel  most  natural  surfaces  erode  at  surface 
dynamic  pressures  below  3  or  above  150  pounds  per  square  foot.  Rela¬ 
tively  free  surface  material,  l.e.,sand,  dust,  water,  etcetera,  erode 
when  the  siu^face  dynamic  pressure  is  3  or  less.  Packed  sod,  concrete, 
macadam,  vegetation,  etcetera,  will  all  withstand  surface  dynamic 
pressures  in  excess  of  150  pounds  per  square  foot.  Obviously  loose 
surface  dust,  water,  etcetera,  will  be  blown  free. 

Gravel  is  normally  composed  of  a  large  range  in  particle  sizes,  for 
example  the  gravel  used  in  these  tests  had  particle  sizes  from  .05 
millimeters  to  1*0  millimeters.  Low  disk  loadings  move  the  very 
light  particles.  This  erosion  may  decrease  with  time.  At  disk 
loadings  of  60  to  100  pounds  per  square  foot  the  erosion  rate  was 
rapid  and  the  largest  particles  were  blown  free  of  the  eroding  area. 

Saturating  sand  with  water  decreased  the  erosion  rate  considerably! 
at  a  disk  loading  of  125  pounds  per  square  foot  the  activity  con¬ 
sisted  of  a  continuous  process  of  drying  and  then  eroding  of  the 
surface. 
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If  a  homogenous  surface  is  assumed  the  two  parameters,  the  surface 
critical  dynamle  pressure  and  field  maximum  dynamic  pressure  (q^), 
determine  if  erosion  will  be  encountered.  The  field  maximum  clinic 
pressure  varies  directly  with  disk  loading  and  inversely  but  in  a 
non-linear  fashion  with  Z/D. 

When  a  circular  jet  is  formed  as  a  result  of  producing  lift,  the 
maximum  surface  dynamic  pressure,  at  radial  distances  greater  than 
x/R  “  2.5,  is  dependent  upon  the  total  thrust.  The  thickness,  or 
height,  of  the  radial  flow  depends  upon  the  distance  from  the  impact 
pointj  i.e.,  the  zero  velocity  line  is  given  by  h  =  Cx  where  .250  ^ 

C  «  .268. 

Deviations  in  the  surface  from  the  smooth  flat  surface  used  in  the 
velocity  s’*rvey  tests  do  not  have  a  large  effect  on  the  field  maxi¬ 
mum  dynamic  pressure,  or  the  onset  of  erosion. 

Additional  velocity  survey  data  is  required  to  evaluate  the  influence 
of  surface  winds  or  forward  velocity,  changes  in  jet  geometry,  and 
contoured  surfacca  designed  to  minimize  the  surface  area  that  must 
be  protected  to  prevent  erosion. 

Each  surface  will  have  at  least  one  critical  dynamic  pressure  where 
the  onset  of  erosion  takes  place.  A  large  percentage  of  the  natural 
surfaces  will  have  two  or  more  critical  dynamic  pressureat  The 
first  in  the  order  of  1  to  3  pounds  per  square  foot  where  the  loose 
surface  material  begins  to  move;  and  the  second,  usually  a  much 
higher  value,  where  the  top  soil  breaks  free  and  begins  to  move. 

When  a  thick  surface  layer  is  con^josed  of  free  particles  in  the 
range  of  .1  millimeter  or  smaller,  a  severe  dust  problem  is  encoun¬ 
tered.  These  small  particles  do  not  readily  settle  back  to  the 
surface  once  distrubed. 

Relatively  hard  dust-free  surfaces,  such  as  macadam  or  concrete,  may 
have  large  free  particles  on  the  surface.  These  particles  are  com¬ 
pletely  exposed  to  the  surface  flow  and  will  move  at  low  dynamic 
pressures.  The  danger  here  is  primarily  to  personnel  or  other  air¬ 
craft,  as  these  particles  travel  away  from  the  impingement  area. 

Jet  inqjingement  on  water  produces  spray  at  surface  dynamic  pressures 
above  2  to  3  pounds  per  square  foot  and  the  spray  height  increases 
with  disk  losing. 
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A  surfaog  wind  or  harvard  VBlouily~haa~  a  T6~fong  influence  on  tbe  flow 
field,  euoh  that  lightweight  eroded  particles  ar'e  lifted  out  of  the 
downwash  flow  field  on  the  tqpwlnd  side  and  returned  toward  the  Jet. 

Vhen  landing  sites  can  be  selected,  areas  with  light  vegetation  or 
dang}  areas  should  be  used.  Surface  traffic  should  be  avoided  as 
much  as  possible.  Prepared  landing  areas  should  be  kept  clean, 
particularly  if  used  by  more  than  one  aircraft. 
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2he  prolslems  aesoelated  with  the  dovovash  laplagemeat  are  cooqplex 
aodj  as  vlth  nest  problems,  there  does  not  appear  to  be  an  Ideal 
solution,  ^e  best  solution  vlU  probably  result  In  a  cosipromlse, 
vhlch  depends  to  some  extent  on  the  assumed  mission.  To  malEe  in¬ 
telligent  compromises  the  problem  must  be  veil  defined  and  the 
effect  of  all  variables  known. 

To  date  there  are  no  known  test  results  that  clearly  define  the 
influence  of  surface  winds  (or  foi-ward  velocity).  Small  scale 
tests  would  prove  to  be  most  advantageous  as  the  work  could  be 
conducted  Indoors  where  controlled,  simulated  winds  could  be  pro¬ 
vided  for  the  tests.  Selected  geometric  jet  shapes  should  be  used 
as  a  systematic  variable  in  scale  tests  to  determine  the  charac¬ 
teristics  of  non-circular  jet  flow  fields .  Althoufjh  most  lifting 
devices  tend  to  produce  circular  jets,  there  is  a  possibility  of 
using  secondary,  non-circular  jets  (which  may  possess  more  desir¬ 
able  characteristics,  such  as  lower  decay  rates)  to  effectively 
control  the  basic  flow. 

It  has  been  shown  in  this  report  that,  at  a  constant  disk  loading, 
the  field  maximum  dynamic  pressure  increases  with  decreasing  Z/D. 
When  designing  an  aircraft  with  the  capability  of  operating  at  low 
Z/D  ratios  to  reduce  power  req,ulrements,  or  provide  greater  over¬ 
load  capability,  consideration  should  be  given  to  the  increase  in 
the  field  maximum  dynamic  pressure  and  the  intended  operational 
environment  of  the  aircraft. 

For  future  VTOL  aircraft,  surface  erosion  and  associated  implaage- 
ment  problems  should  be  considered  In  the  preliminary  design  of 
the  aircraft.  Special  filtration  or  other  protective  equipment 
for  the  aircraft  and/or  for  the  landing  area  may  be  necessary  to 
meet  specific  operational  reqLUirements . 
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Ihe  operation  of  helicopters  and  vertical  lift  types  of  aircraft  from 
unprepared  surfaces  presents  j^ohlems  associated  with  the  downwash  or 
slipstream  impingement.  Among  these  problems  are  the  effects  on:  the 
pilot j  the  aircraft  physically  and  operationally;  tactical  operation 
of  the  aircraft;  and  danger  to  ground  personnel  and  equipment  result¬ 
ing  from  dust  and  debris  set  in  motion  by  the  downwash  or  slipstream. 

Hiller  Aircraft  Corp.  was  awarded  Contract  DA  44-177-TC-50O  in  1958  to 
study  the  characteristics  of  the  downwash  from  VTOL  aircraft .  Tests 
were  conducted  with  propellers  and  a  ducted  fan.  The  results  of  this 
test  program  were  presented  in  Reference  1. 

In  April  i960  Contract  DA  44-177 -TC -655  was  awarded  Hiller  Aircraft 
Corp.  to  conduct  additional  tests  and  evaluation  of  the  effects  of 
the  downwash  impingement  on  a  variety  of  soil  conditions.  This 
test  program  was  conducted  at  the  Corps  of  Engineers  Watei*ways 
Experiment  Station  at  Vicksburg,  Mississippi.  Test  sites,  soil 
analysis  and  general  support  of  the  test  program  were  provided  by 
the  Wateways  Experiment  Station.  The  results  of  tests  with  the 
two-foot  diameter  ducted  fan  were  pi'eaented  in  Reference  2.  Additional 
teats  were  conducted  with  a  diffuser  and  adapters  installed  on  the  duc¬ 
ted  fan.  Side  by  side  .flovr-^or  VTOL  aircraft,  on  annular  nozzle  ground 
effect  machine,  and  a  plenum  chamber  type  ground  effect  machine  were 
simulated.  The  results  of  this  test  program  were  presented  in  Refer¬ 
ence  3. 

The  results  of  these  test  programs  have  been  analyzed.  This  analysis, 
including  correlation  between  the  dovmwash  studies  and  the  movement 
of  soil  particles,  recommendations  relative  to  VTOL  aircraft  design, 
and  suggestions  for  future  research  are  presented  in  this  report. 
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5.  DI3CU3SI0I^ 


Mobility  of  the  test  equipment  was  provided  through  the  use  of  a 
U.  S.  Army  Model  M-5U»  5-ton,  6x6  cargo  truck  with  a  front-mounted 
winch  (Figure  1) .  The  power  was  supplied  to  the  propeller  by  a 
Ford  Model  332  industrial  V-8  engine,  driving  through  a  five-speed 
gear  box  and  a  right  angle  drive.  The  height  of  the  propulsion 
unit  was  varied  by  raising  or  lowering  the  boom  assembly  with  the 
winch  cable.  Due  to  the  flexibility  of  the  boom  assembly  and 
cable,  accurate  settings  of  Z/D  were  diffiou].t.  When  the  thrust 
was  applied  the  load  in  the  cable  and  boom  was  relieved  and  the 
Z/D  would  change  from  the  static  position.  For  the  adapter  tests 
(Reference  3)  where  small  changes  in  height  resulted  in  large 
variations  of  Z/D,  a  support  strut  and  screw  Jack  were  used  to 
provide  close  control  over  the  adapter  height. 

The  Z/d  was  established  before  the  propulsion  unit  was  engagedj 
therefore,  when  surface  erosion  was  incurred  the  Z/D  changed  as 
the  erosion  progressed.  In  some  tests  the  eroded  section  had  a 
maximum  depth  of  14  inches,  which  produces  a  significant  change 
in  Z/D.  With  the  exception  of  the  water  tests,  all  Z/D  ratios 
are  pre-operation  values. 
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5.1.1  GENERAL  FLOW  FIELD 

The  velocity  survey  tests  were  conducted  to  provide  some  insight  into 
the  basic  flow  field.  Conqjlicating  factors  were  eliminated  where 
possible.  Tests  were  conducted  during  minimum  wind  over  flat,  non- 
eroding  surfaces.  In  effect  the  problems  associated  with  the  in^jinge- 
ment,  such  as  dust,  flying  particles,  etcetera,  were  eliminated  so 
as  to  reveal  the  basic  flow  in  its  simplest  form.  The  test  equipment, 
test  procedures,  and  the  data  obtained  are  presented  in  Reference  1. 

The  concern  here  is  not  with  the  tests  but  what  has  been  accomplished 
as  a  result  of  the  velocity  survey  tests. 

An  over-all  examination  of  the  impingement  will  be  necessary  before 
the  velocity  sxirvey  test  results  can  be  discussed  in  detail.  The 
jet,  which  is  a  result  of  producing  lift  at  zero  or  low  forward 
speeds,  does  not  dissipage  readily.  When  this  jet  strikes  the  surface, 
the  velocity  normal  to  the  surface  is  reduced  to  zero,  and  the  energy 
is  converted  to  pressure  that  accelerates  the  flow  away  from  the  im¬ 
pingement  area.  After  the  iriaximum  velocity  is  reached,  the  surface 
flow  continues  away  from  the  high  pressure  region,  where  diffusion 
and  viscous  forces  eventually  reduce  the  velocity  to  an  insignificant 
value.  The  flow  field  was  obseiTed  through  the  use  of  the  tuft 
boards,  and  quantitative  data  were  obtained  from  pitot  pressure 
measurements.  A  general  view  of  the  test  arrangement  and  the  equip¬ 
ment  used  is  shown  in  Figure  1. 

The  initial  jet  mean  dynamic  pressure  (q^^)  provides  a  convenient  basis 
for  reducing  much  of  the  data  to  non-dimensional  form  for  a  jet  that 
issues  from  a  nozzle  (as  a  ducted  propeller  or  turbojet  engine)  the 
following  relation  eacists: 


V 

“r 


For  an  open  propeller  or  rotor  where  the  flow  contracts  downstream 
of  the  reference  area,  the  mean  dynamic  pressure  is  related  to  disk 
loading  tayi 


The  diameter  used  for  the  analysis  of  open  propellers  or  rotors  is  the 
contracted  slipstream  diameter] 

D  -  .707  Dp. 
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The  resttltB^oT'tHe  velocity  siorveya  are  presented  in  terms  of  the 
dynamic  pressure  ratios  (q/qni)»  (o/'^n^niax.  The 

term  (q/q^)  represents  the  ratio  between  the  dynamie  pressure  (q)  and 
mean  Jet  dynamic  pressure  The  term  (q/q^)^^v  represents  the 

maximum  surface  dynamic  pressure  obtained  at  some  specific  x/H  loca¬ 
tion,  referred  to  the  mean  Jet  dynamic  pressure.  The  term  (q/qin)p}{ 
is  reserred  to  describe  the  maximum  surface  dynamic  pressure  irrespec¬ 
tive  of  the  location  in  the  flow  field,  again  referred  to  the  initial 
mean  Jet  dynamie  pressure. 

5.1.2  DYNAMIC  PRESSURE  VARIATIONS  IN  THE  FLOW  FIELD 


The  dynamie  pressure  data  obtained  from  the  tests  were  plotted  for  fixed 
conditions  of  Z/D  and  x/R  to  obtain  the  dynamic  pressure  variation  with 
height  above  the  surface.  This  dynamic  pressure  profile,  shown  in 
Figure  2,  is  typical  of  all  obtained.  The  maximum  value  (o/qj^)  was 

obtained  at  several  radial  stations  and  a  cross  plot  of  (q/qni)^ax 
versus  x/R  was  made  for  each  value  of  Z/D  tested.  Figure  3  shows  the 
change  in  maximum  dynamic  pressure  with  radial  location  that  results 
from  the  irqjlngement  of  a  circular  jet  normal  to  a  flat  surface. 


Hie  flow  follows  the  sequence  shown  belowj 

First,  the  exit  flow  velocity  decreases,  converting  dynamic  pressure 
io  static  pressure. 

Second,  the  flow  accelerates  along  the  surface  until  the  static 
pressure  is  reduced  to  ambient  and  the  surface  dynamic  pressure 
is  a  maximum. 

Third,  the  velocity  decreases  with  increasing  radial  distance  due 
to  a  combination  of  diffusion  and  viscous  forces. 

The  velocity  decay  obtained  from  a  circular  jet  is  such  that  it  fits 
the  curve I 


where  K  ■  26.8  was  determined  in  Reference  1+ 
and  shown  to  give  good  correlation  with  full 
scale  tests. 


This  equation  can  be  used  to  show  that  the  surface  dynamic  pressure  at 
a  given  radial  location  is  a  function  of  total  thrust  and  not  disk 

loadlngi 
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-I#-a  dueted-propeUrr  Is  aseumed: 


■  w/2  °  ~  °  ^  ,1 

^  ^  2A  ^ 


/K  Y 

w 

21^r2  ^  {xj 

or  for  a  non-ducted  propeller  vbere 


w. 

The  boundary  between  the  jet  surface  flow  and  ambient  still  air  is 
a  function  of  the  radial  distance  from  the  Impact  point,  Ihe  equation 
of  the  zero  velocity  line  Is  given  in  Reference  1  as  h/D  =  K  x/R  where 
.125  ?  K  .13^-  If  both  sides  of  the  equation  are  multiplied  by  2R 
the  following  equation  is  obtained; 

h  “  Cx  where  .25‘s  C  ?  .268. 

The  above  solutions  are  valid  when  x>2R.  To  find  the  field  maximum 
dynamic  pressure,  the  disk  loading  and  Z/P  must  be  known. 

Because  the  maximum  dynamic  pressure  from  each  pressure  profile  was 
\ased  to  plot  Figure  3>  the  maximum  dynamic  pressure  (for  a  given  Z/d) 
from  Figure  3  is  the  maximum  value  in  the  flow  field  and  is  therefore 
cedled  the  field  maximum  dynamic  pressure.  The  curve  of  (q/gjn)FM 
(Figure  4)  is  of  prime  importance  as  the  onset  of  erosion  is  governea 
by  the  soil  classification  parameters  and  the  field  maximum  dynamic 
pressure.  If  the  soil  critical  dynamic  pressure  (q<;R}  is  known,  the 
disk  loading  and  Z/D  combination  required  to  start  erosion  can  be 
found,  i.e. 


q-F.M.  “  (‘l/<3ffl)F.M.  ^  Sn 


for  a  ducted  propeller  *  v/2 


or 


.\lF.M.  ■  (^%i^F.M. 

2  q 
F.M. 
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where  (q/qjii)j'.M.  ®  function  of  Z/d  as  shown  in  Figure  and 
"  '^R  erosion  starts. 

If  is  lees  than  there  will  be  no  erosion  at  the  point  of 

maximua  dynamic  pressure  and  therefore  no  erosion  will  take  place  at 
any  x/R  location.  If  qp  is  greater  than  q^jj,  erosion  will  start 
and  continue  to  tsJce  place  until  the  local  maximum  dynamic  pressure 
[(q/qm^mav  decreases  below  that  required  to  propagate  the 

erosion.  An  indication  of  the  relative  severity  of  the  erosion  prob-' 
lem  can  be  obtained  by  the  excess  in  the  field  maximum  dynamic  pressure 
above  that  required  (q^j^)  to  initiate  erosion. 

Figure  3  is  useful  in  determining  the  ^proximate  extent  of  the  par¬ 
ticle  cloud..  When  the  local  maximum  dynamic  pressure  [(q/qm^max 
x/rJ  decreases  below  that  required  to  sustain  the  particles,  t?M;^ 
will  settle  back  to  the  surface.  One  must  be  very  cautious  when  using 
Figure  3  for  this  purpose,  as  surface  winds  or  excessive  erosion  can 
greatly  influence  the  flow  pattern. 

As  was  stated  previously,  the  surface  dynamic  pressure  has  a  maximum 
value  in  the  vicinity  of  one  diameter  from  the  centerline  of  rotation; 
beyond  this  distance  the  surface  dynamic  pressure  is  a  function  of 
the  total  thrust  and  not  the  disk  loading.  It  cannot  be  emphasized 
too  strongly  that  it  is  the  field  maximum  dynamic  pressure  that  de¬ 
termines  whether  or  not  a  surface  will  be  eroded  and  the  field  maximum 
dynamic  pressure  is  a  function  of  disk  loading  and  proximity  to  the 
ground. 

The  analysis  in  the  appendix  provides  a  solution  for  the  field  maximum 
dynamic  pressure  as  influenced  by  the  normal  parameters  of  disk  load¬ 
ing,  power  loading,  and  geometry.  The  most  direct  method  of  reducing 
the  field  maximum  dynamic  pressure  (see  Equation  10  appendix)  is  to 
reduce  the  disk  loading;  however,  this  parameter  is  usually  determined 
by  other  requirements.  Figure  2  of  the  appendix  indicates  that  sig¬ 
nificant  reductions  in  the  field  maximum  dynamic  pressure  (q^  of  the 
appendix  )  can  be  obtained  by  small  changes  in  Z/D  if  the  design  Z/D 
is  «■  0.5;  if  the  design  Z/D  iss^l.O  the  reduction  in  the  maximum 
surface  dynamic  pressure  obtainable  by  increasing  Z/D  are  insignificant. 

Figure  U  of  the  appendix  indicates  that,  when  the  equivalent  Z/D  ratio 
is  less  than  one,  significant  reductions  in  the  field  msximum  dynamic 
pressure  (for  constant  disk  loading)  are  made  possible  by  using  jets  of 
high  aspect  ratio. 
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5.1.3  EFFECTS  OF  TILTING  THE  THRUST  FECTOB 


Velocity  survey  teste  were  conducted  at  0  •  0®,  30®,  and  60®  thrust 
axis  Inclination,  the  results  of  which  are  presented  In  Reference  1. 
The  Burv^rs  at  0  -  30®  and  0=60®  did  not  include  as  many  x/R 
stations,  where  velocity  profiles  were  obtained,  as  did  the  0  0° 

tests.  Because  of  the  rapid  change  of  with  x/R  and  the 

relatively  few  profiles  available,  the  validity  of  the 
versus  Z/D  (Figure  5)  cujrves  for  0  ■  30®  and  0  ■  60®  is  questionable. 
The  values  given  by  the  curves  were  obtained  from  tests j  however,  it 
is  possible  that  higher  values  existed  at  points  where  no  measurements 
were  made. 

If  the  Jet  decay  curve  is  compared  with  the  curve  for  zero 

thrust  inclincatlon  (Figure  ii)  one  finds  that  the  maximum  surface 
dynamic  pressure  is  approximately  equal  to  the  stream  dynamic  pressure 
from  the  Jet  decay  curve,  provided  the  points  of  comparison  are  at 
the  same  Z/D  value.  These  two  curves  represent  the  two  extremes  in 
thrust  axis  inclination  (0®  and  90®).  If  the  flow  can  strike  the 
surface  and  turn  through  90  degrees  with  little  or  no  loss  in  total 
pressure,  then  it  should  turn  through  a  lesser  angle  with  no  greater 
loss  in  total  pressure.  One  would  conclude  that,  as  Z/D  has  been 
defined  in  this  report,  the  curves  of  Figure  5  should  differ  by  the 
cosine  of  the  tilt  angle.  The  data  indicate  greater  losses  for  0  = 

30®  and  0  ■  60®.  Assuming  the  data  to  be  correct,  large  angles  (and 
therefore  significant  losses  in  vertical  thrust)  are  required  to 
appreciably  reduce  the  field  maximum  dynamic  pressure, 

5.1.h  EFFECT  OF  SURFACE  WINDS 


The  general  radial  flow  pattern  after  impingement  without  surface 
wind  is  near  the  surface.  The  surface  velocity  increases  with 
radial  distance  from  impingement,  until  the  static  pressure  is  equal 
■to  ambient  pressure,  and  then  it  decreases  beyond  this  point  (Figure  3). 
When  a  surface  wind  (or  forward  velocity)  is  imposed  upon  the  flow 
pattern,  the  shearing  forces  between  the  wind  and  radial  flow  on  the 
upwind  side  produce  a  surface  flow  profile  similar  to  that  shown  in 
Figure  6.  This  shearing  action  causes  the  radial  flow  to  separate 
from  the  surface  when  the  surface  dynamic  pressure  is  slightly  greater 
than  the  free  stream  dynamic  pressure.  After  separation  the  radial 
velocity  component  decreases  and  the  free  stream  and  Jet  flow  mix  and 
blow  back  toward  the  source. 

If  a  Jet  is  inpinging  on  a  smooth  erodible  surface,  and  the  disk  load- 
ijig  is  sufficiently  high,  particles  will  be  entrained  and  carried 
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radially  outward  in  the  deereasing  velocity  flow.  If  there  is  no 
surface  wind  a  podjit  will  be  reached  where  there  is  insufficient 
velocity  to  sustain  the  particle  and  it  will  fall  to  the  surface  and 
come  to  rest.  It  is  of  little  consequence  whether  the  particle 
momentum  at  low  radial  distances  is  sufficient  to  carry  it  beyond 
the  area  where  the  velocity  will  no  longer  keep  it  in  motion.  Thus 
the  particle  would  not  be  returned  toward  the  source  regardless  of 
its  physical  characteristics.  On  the  other  hand,  if  there  is  a 
surface  wind  (or  forward  motion)  the  particle  may  or  may  not  (depend¬ 
ing  upon  its  physical  characteristics)  return  to  the  Immediate  sur¬ 
face.  Very  light  particles  will  be  trapped  in  the  rolling  up  flow, 
lifted  higher  above  the  surface  and  returned  toward  the  jet.  This 
action  has  been  observed  and  recorded  on  motion  picture  film. 

If  the  surface  wind  velocity  is  of  the  same  relative  magnitude  as  the 
field  maximum  surface  dynamic  pressure,  the  Jet  flow  and  the  entrained 
particles  will  be  swept  back,  leaving  the  upwind  side  of  the  jet  clear. 
The  dust  cloud  will  form  downwind  of  the  impingement  point. 

As  long  as  the  surface  remains  relatively  flat  there  should  exist  a 
definite  relationship  between  the  field  maximum  dynamic  pressure,  the 
jet  diameter,  the  wind  velocity  and  the  height  of  the  dust  cloud. 

At  constant  altitude  increasing  disk  loading  will  move  the  mixing 
region  upwind  and  increase  the  height  of  the  dust  cloud  in  relation 
to  the  increase  in  the  maximum  surface  dynamic  pressurej  increasing 
wind  velocity  will  shift  the  dust  cloud  downwind.  Increasing  altitude 
will  decrease  the  cloud  in  relation  to  the  dynamic  pressure  decay  curve. 

5.1.5  EFFECT  OF  GEOMETRY  AND  MULTIPLE  SOURCE 

• 

The  two-foot  diameter  ducted  propeller  used  in  References!  and  2  was 
fitted  with  a  diffuser.  Two  adapters,  for  mounting  on  the  diffuser 
exit,  were  constructed.  One  adapter  provided  a  pair  of  jets,  each 
one  foot  in  diameter  and  two  feet  between  centers,  and  the  other 
adapter  simulated  an  annular  nozzle  ground  effect  machine  (GEM) . 

The  annular  nozzle  GEM  had  a  total  area  (base  plate  plus  nozzle)  of 
5.2  square  feet,  with  a  .6-inch  thick  jet  inclined  toward  the  base 
at  hS  degrees.  The  open  end  of  the  diffuser  was  used  to  simulate 
a  plenum  chamber  GEM.  The  detailed  test  data  have  been  presented  in 
Reference  3. 

The  three  configurations  discussed  above  were  operated  over  a  flat 
non-eroding  surface  at  fixed  heights  while  gage  pressure  measurements 
of  the  flow  field  were  made. 


10 


5.1.5.1  SIDE  BY  SIDE  DUCTS  (FIQURB  7) 

The  gage  (total  minus  ambient)  pressures  for  the  side  by  side  duets  were 
measured  at  a  disk  loading  of  2ili.6  pounds  per  square  foot  and  at  an 
exit  height  of  1.56  feet  (z/D  ■  1.56).  Seven  gage  pressure  profiles 
were  obtained  at  x/R  ratios  between  one  and  three,  with  the  total 
pressure  rake  located  at  8  -  0°,  h5°»  and  90®  (see  Figure  8) .  These 
profiles  show  a  raaxinum  gage  pressure  in  the  region  of  x/r  ■  1.33  to 
1.67.  It  must  be  remembered  that  these  profiles  are  gage  pressure 
and  not  dynamic  pressure  profiles.  The  difference  is  the  use  of 
total  pressure  minus  ambient  rather  than  total  minus  static  pressure. 

The  static  pressure  was  determined  (for  the  two-foot  duct)  to  decrease 
rapidly  to  ambient  pressure  at  x/R  s  2,  High  gage  pressures  at 
x/R<2  are,  therefore,  not  indicative  of  high  velocitiesj  beyond 
x/r  “  2  the  gage  and  dynamic  pressure  are  identical.  A  comparison 
of  the  radial  dynamic  pressure  decay  rates  obtained  from  the  side  by 
side  ducts  and  the  sin^e,  two-foot  duct  are  shown  by  Figure  8.  It  is 
interesting  to  note  that  the  minor  axis  of  the  side  by  side  ducts 
system  (where  considerable  concentrations  of  dust  were  observed)  ap¬ 
parently  does  not  experience  higher  maximum  velocities  than  the  other 
areas;  it  does,  however,  indicate  a  lower  decay  rate  and  thus  higher 
velocities  at  radial  stations  beyond  x/R  =  2.5.  Comparing  the  profiles 
(Figure  9)  it  can  be  seen  that  the  minor  axis  flow  is  much  greater  at 
high  values  of  h/D  (h/D  =  1) ,  apparently  due  to  the  fact  that  the 
maximum  pressure  is  above  the  surface  at  the  centerline  of  the  system. 
The  fact  that  the  maximum  velocities  along  the  major  and  minor  axes 
are  approximately  equal  is  to  be  expected.  The  stream  reaches  stag¬ 
nation  pressure  at  the  impingement  point,  and  when  two  jets  are  used 
one  would  expect  three  stagnation  points,  the  third  being  midway 
between  the  two  jet  stagnation  points.  A  vertical  coi^ponent  of  flow 
along  the  minor  axis  might  be  expected  due  to  the  secondary  impinge¬ 
ment  of  the  ground  flows  along  this  axis. 

5. 1.5.2  PLENUM  CHAMBER  (FIGURE  10) 

The  plenum  chamber  was  operated  at  three  disk  loadings,  11.36,  9.1i0, 
and  31.25  pounds  per  square  foot  (A.  ■  5.9i'5  square  feet),  at  a 
constant  height  of  three  inches.  The  plenum  chamber  can  be  considered 
as  a  non-clrcxxlar  jet  operated  in  very  closei  proximity  to  the 
ground  plane.  The  data  obtained  indicates  a  field  maximum  dynamic 
pressure  ratio  of  approximately  1,7.  To  compare  this  to  the  curve 
of  Figure  1;  an  equivalent  diameter  must  be  used.  The  conroarison  used 
here  will  be  equivalent  (Z/D)^  based  on  the  value  of  where 

for  a  circular  jet  (A,  /Z)  “  1  ;  therefor*!,  (Z/D)  ■  *  1 

^  ®  wd  «  HDqTzr; 
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“Tlie  value  obtained^  making  the  Indicated  substitution  is  (Z/D)^  ■" 
.099ii.  This  point  [(Z/D)^  -  ,099ki  q/q^i  -  1.7]  is  in  close  agree¬ 
ment  with  Figure  ii.  If  an  equivalent  diameter  based  only  on  the 
exit  area  is  used,  the  (Z/D}g  value  would  be  essentially  the  sane 
in  this  ease  [CZ/D)e  =  .0908  j. 

5. 1.5.3  ANNULAR  NOZZLE  (FIGURE  11) 

The  annular  nozzle  was  operated  at  three  disk  loadings,  2.31,  9.6U 
and  16.6  pounds  per  square  foot  (based  on  total  area  Aj^  +  A^  •>  5.2 

Square  feet).  The  data  obtained  from  these  tests  cannot  be  congjared 
directly  with  Figure  k,  due  to  the  difference  in  geometry,  except  to 
note  that  the  maximum  value  of  P^/w/2  =  2.75  is  considerably  above 
the  range  of  Figure  U. 


5.2  gUBFACE  M103I0H 


5.2.1  IMRODUCTION 

Hie  results  of  the  surface  erosion  tests  have  "been  presented  in 
Reference  2  (two-foot  diameter  duct  tests)  and  in  Reference  3 
(adapter  tests). 

Tests  were  conducted  over  various  surfaces  with  different  prepara¬ 
tions.  Wave  rods  were  used  during  the  tests  over  water,  providing 
a  continuous  record  of  the  water  elevation  at  each  of  the  rods. 
Particle  traps  were  located  in  the  flow  field  where  possible, 
providing  information  on  the  quantity  of  material  trapped  at  the 
various  geometric  locations.  Prom  this  information  the  weight  flow 
(pounds  per  minute)  of  material  passing  through  a  sq.uare  foot  area 
normal  to  the  surface  was  obtained  and  designated  as  the  flow  rate. 
Plots  of  h/D  versus  flow  rate  were  constructed  for  each  test  where 
this  information  was  available.  For  the  tv/o-foot  duct  tests  over 
gravel,  the  size  of  the  largest  particle  in  each  trap  was  recorded  and 
plots  of  h/D  versus  volume  loading  constructed.  Hie  volume  loading 
(V.L.)  was  obtained  by  dividing  the  ppi’ticle  volume  by  the  ma::imum 
projected  area,  thus  reflecting  not  only  the  .size  but  also  the 
particle  shape.  Mea^'u-ements  were  made  of  the  ^roded  section,  and 
16  millimeter  motion  picture  coverage  of  the  majority  of  tests  was 
obtained.  The  Waterways  Experiment  Station  supported  the  testing 
by  furnishing  the  test  sites  and  performing  necessary  .soil,  tests 
for  classification  of  the  soils  and  for  determination  of  the  con¬ 
dition  of  the  soils  at  the  time  of  tests.  Hie  results  are  in¬ 
cluded  in  References  2  and  3- 

All  recorded  information  was  presented  regardless  of  its  apparent 
value  because  the  nature  of  the  erosion  and  the  controlling  param¬ 
eters  were  not  clearly  defined.  This  data  represents  the  time 
average  during  the  test  duration,  normally  about  one  minute, 
during  which  the  flow  pattern,  in  many  cases,  was  observed  to 
change  completely.  It  is  the  general  trends  and  order  of  magnitude 
that  are  to  be  considered  in  the  sections  dealing  with  surface 
erosion. 

5.2.2  FLOW  RATE  PROFILES 

To  determine  if  the  side  by  side  ducts  were  influenced  by  the  dif¬ 
fuser  and  to  determine  the  area  of  mutual  interference,  three  duct 


15 


corifiguratioafl  of  the  side  "by  side  ducts  were  operated  over  dry  sand 
at  a  disk  loading  of  60  pounds  per  sg.uare  foot  and  at  a  Z/D  of  1.?. 

The  first  configuration  was  with  standard  ei^t-inch  nozzles.  The 
nozzles  were  extended  to  26^  Inches  In  the  second  configuration  and 
in  the  third  configuration  one  of  the  standard  eight-inch  nozzles 
was  diverted  by  a  12  by  28  by  k6  inch  box  (see  Reference  3).  Obser¬ 
vations  made  during  the  tests  indicated  that  the  flow  changed  from 
radial  to  vertical  50  seconds  after  the  tests  started.  The  eroded 
sections  were  very  similar  (profiles  are  shown  In  Figure  12)  except 
near  the  center  of  the  single  duct  test  where  a  damp  area  was  noted. 
The  conclusion  was  drawn  that  the  diffuser  was  not  influencing  the 
Impingement,  and  the  region  of  mutual  interference  was  limited  to  the 
narrow  wedge  area  shown  in  Figure  13 .  By  comparing  the  flow  rate 
profiles  (Figure  Ik)  it  can  be  concluded  that  the  results  of  tests 
III  A  33  and  III  A  41  were  very  similar.  The  flow  rate  profiles  of 
test  III  A  k6  show  considerably  less  erosion  than  the  first  two 
tests.  The  difference  in  the  y/R  =  6  curve  "A"  is  to  be  expected  as 
this  trap  was  located  on  the  minor  axis  of  the  system  and  one  duct 
was  diverted  during  this  test .  The  total  erosion  of  one  duct  was 
calculated  by  integration  of  the  profiles  shoim  in  Figure  12  to 
determine  the  eroded  volume.  The  total  erosion  thus  calculated 
was  plotted  on  Figure  15  and  shows  essentially  the  same  relationship 
between  the  three  tests  as  did  the  flow  rate  profiles . 

5.2.3  COMPARISON  OF  COHFIGBRATIOW  BY  FLOW  RATE  PROFILES 

The  sand  tests  were  used  to  determine  the  similarity  between  the  flow 
rate  curves  for  the  two-foot  diameter  duct  and  the  side  by  side  one- 
foot  diameter  ducts  due  to  the  relative  uniformity  of  the  sand.  With 

the  duct  exit  close  to  the  surface  (Z/D  s  .5)  reasomble  agreement  is 

obtained  (Figures  l6a  aaid  l6b).  The  agreement  is  somewhat  better  at 
low  values  of  x/R  where  the  surface  wind  is  not  such  a  powerful  in¬ 
fluencing  factor.  The  test  resvilts  at  Z/D  =  3  ehow  the  correlation 
to  be  essentially  Independent  of  Z/D  (Figures  17a  and  17b);  again 
greater  deviations  in  flow  rate  appear  at  the  highest  values  of  x/R. 
Generally  better  correlation  is  found  near  the  ground  surface.  This 
would  be  la  the  higher  velocity  area  where  the  surface  wind  would  have 
less  influence.  A  small  difference  in  moisture  content  and  density 
existed  between  the  tests .  At  the  time  the  two-foot  diameter  duct 

was  tested,  the  dry  density  of  the  sand  was  92.2  pounds  per  cubic  foot 

and  the  moisture  content  was  between  .5  and  1.3  percent.  The  side 
by  side  ducts  were  tested  when  the  dry  density  of  the  sand  was  between 
90.5  and  91.5  and  the  moisture  content  was  between  .2  and  .4  percent. 

It  appears  that  the  flow  rate  values  obtained  with  the  two-foot  duct 
and  the  side  by  side  ducts  can  be  compared  directly  with  no  loss  in 
generality. 
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5.2. U  D13GUS8I0N  OF  TRBIffiS  AMD  RELATIONSHIPS _ _ 

One  of  the  most  predominant  trends  that  appeared  in  the  results  of 
teste  oyer  the  various  soil  oondltlons  was  the  Inerease  in  flow  rate 
with  increasing  disk  loading*  This  is  to  he  expected  as  the  surface 
dynande  pressure  varies  directly  with  disk  loading.  The  flow  rate 
profiles  Figures  16  and  1?  cannot  he  made  independent  of  disk  loading 
in  a  manner  similar  to  that  used  for  the  dynamic  pressure  profiles 
(see  Figure  2)  heeause  the  slope  of  the  flow  rate  vs.  h/D  curve 
changes  with  disk  loading.  The  high  flow  rates  at  large  h/D  values 
and  high  disk  loading  (seen  in  Figures  16  and  1?)  are  most  probably 
due  to  the  vertical  projection  of  material  resulting  from  the  erosion. 

The  effect  of  increasing  Z/D  is  shown  in  Figures  l8a  and  l8b.  There 
is  a  greater  decrease  in  flow  rate  between  Z/D  “  .5  and  Z/D  =  1.^  than 
between  Z/D  "1.5  and  Z/D  •>  3.  This  would  be  expected  from  the  velocity 
profile  results,  namely  the  field  maximum  dynamic  pressure  curve  (Figure  U). 

The  relative  erodibility  of  the  different  soils  is  C0Ji5)ared  in  Figures 
19a  and  19b.  The  flow  rate  parameter  is  apparently  affected  by  time. 
Therefore  w,  Z/D  and  time  have  been  held  constant  in  Fig\xre  19.  The 
erosion  rate  of  the  "as  deposited”  river  gravel  (IV  A)  is  high,  and 
large  flow  rates  are  found  at  large  values  of  h/D  where  these  par¬ 
ticles  co’Jld  inflict  heavy  damage  if  they  are  large  in  size.  It 
will  be  shown  in  section  5.2.li.l  that  the  particles  actually  were  of 
considerable  size. 

The  flow  rates  obtained  from  dry  sand  (III  A),  flat  plowed  lean  clay 
(IB),  and  the  plowed  and  furrowed  lean  clay  (I  C),  show  that  con¬ 
siderable  quantities  of  material  were  in  motion.  A  lower  density 
material  will  have  a  greater  volume  flow  at  the  same  flow  rate.  These 
small  particles  are  largely  responsible  for:  the  erosion  of  rotor  or 
propeller  blades,  contamination  of  lubricants,  and  are  the  primary 
source  of  visibility  problems. 

Figure  20  shows  the  effect  of  disk  loading  and  X/R  on  the  flow  rate 
profiles  for  the  "as  deposited”  river  gravel,  and  Figure  21  shows 
the  effect  of  Z/D.  The  effect  of  moisture  and  compaction  was  to 
reduce  the  erosion  (Figure  22). 

5.2.  U.l  VOLUME  LOADING 

The  relative  size  of  the  particles  can  be  obtained  from  the  volume 
loading  evirves.  Volume  loading  is  the  particle  volume  divided  by  its 
maxinum  cross  sectional  area;  therefore,  the  diameter  (in  inches)  of 
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a  apliertcal~par1;l:cle^^d~T5e~^^aI  to  3/2  the  volume  loading.  For  a 
rectangular  particle  the  V.L.  would  eijual  the  smedlest  dimenalon.  The 
particle  sizes  and  the  capture  location  can  be  obtained  from  Figure 
23.  In  addition  to  the  particle  size  these  curves  shed  some  additional 
light  on  the  natijre  of  the  flow  pattern  after  erosion  has  taken  place. 
The* "sprinkled  and  compacted"  gravel  curves  show  larger  particles  near 
the  surface  and  smaller  particles  at  high  h/D  values.  The  flow  rate 
curves  show  the  "as  deposited"  gravel  had  greater  flow  rates,  and  the 
slope  of  the  "as  deposited"  gravel  curves  is  greater  than  those  for 
the  "damp,  compacted"  gravel.  From  this  it  can  be  concluded  that 
as  the  erosion  takes  place  the  high  velocity  flow  lifts  above  the 
surface.  When  operating  over  the  "as  deposited"  gravel  the  hl^er 
erosion  rate  creates  a  hole  in  a  shorter  period  of  time.  The  flow 
lifts  above  the  surface,  carrying  vrlth  it  the  larger  particles.  The 
"damp,  compacted"  gravel  had  a  lower  total  erosion  rate,  thus  the 
hole  took  longer  to  form  and  the  flow  remained  along  the  sia-face. 

This  resulted  in  a  higher  flow  rate  near  the  surface  and  a  lower  flow 
rate  at  higher  h/D's  than  with  the  "as  deposited"  gravel. 


5.2.5  KEASUREMEHTS  OF  ERODED  AREA 


After  completing  a  test,  the  size  of  the  eroded  area  was  measured  to 
determine  the  diameter  and  depth  of  the  resulting  impressloii.  In 
Reference  2  the  relative  depression  dim-neter  vras  plotted  against  disk 
loading  with  flagged  symbols  to  denote  the  time  variable,  as  the 
diameter  of  the  eroded  section  would  be  expected  to  increase  with 
time.  Figure  2k  is  a  reproduction  of  the  Z/D  =  3  and  Z/D  ■  .5  data 
from  Reference  2,  wherein  the  standard  test  time  was  three  minutes. 
Data  from  Reforence  3  is  also  Included,  wherein  the  test  time  was 
one  minute.  The  diameter  of  the  depression  directly  beneath  one  of 
the  ducts  was  used  for  Dy  of  the  side  by  side  ducts  to  facilitate 
comparison.  It  should  be  noted  that  reasonably  good  correlation 
exists  in  spite  of  the  marked  difference  in  test  time .  In  this  case 
the  depression  depth  was  small  compared  to  the  diameter,  viz.  for 
the  two-foot  duct  at  125  pounds  per  square  foot,  uhe  depression  was 
approximately  eight  feet  in  diameter  and  only  el^t  inches  at  the 
deepest  point .  The  flat  plate  model  would  provide  a  fair  simulation 
of  this  condition,  and  the  rapid  decrease  In  dynamic  pressure  with 
x/R  would  reduce  the  velocity  below  the  critical  value  for  this  soil 
at  a  given  x/R  regardless  of  test  time . 


The  existence  of  two  Dh/D  ratios  for  the  two-foot  duct  tests  over  dry 
sand  at  a  constant  disk  loading  may  be  noted  in  Figure  25.  The  larger 
circle  had  a  distinct  boundary  where*  the  sand  first  settled  back  to 
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the  surfacej,  within  this  circle  was  an  undisturbed  region,  and  the 
eroded  section  was  at  the  centere  As  the  disk  loading  decreases  the 
two  eurvea  approach  the  same  value  and  therefore  must  close  when  the 
loading  is  just  sufficient  to  start  erosion.  The  data  from  the  side 
by  side  ducts  and  the  two-foot  duct  again  show  reasonable  correlation. 

The  river  gravel  eroded  slightly  at  l5  pounds  per  square  foot,  and  the 
erosion  rate  increased  with  disk  loading.  At  a  disk  loading  of  lh$ 
pounds  per  square  foot  the  two-foot  duct  produced  a  total  erosion 
rate  of  iSO  pounds  of  material  per  second.  During  this  test  a  hole 
8,5  feet  in  diameter  and  ih  inches  deep  developed  in  UO  seconds.  The 
depth  was  limited  by  a  hard  surface.  Sand  settled  to  the  surface  to 
a  radial  distance  (x)  of  32  feet,  ai»l  particles  equivalent  to  ^  inch 
diameter  were  fc'ind  to  x  =  39  feet.  Again  the  correlation  in  eroded 
section  diameter  (Figure  26)  is  much  better  than  would  be  expected. 

It  is  seen  from  Figures  2U  to  26  that  the  actual  eroded  section  is 
normally  between  tlires  and  five  jet  diameters  even  though  the  sur¬ 
face  materials  cover  a  large  range  in  particle  size  and  classifica¬ 
tion. 


5.2.6  V/ATEK  TESTS 


The  water  pressure  (Pg)  in  the  deepest  area  of  the  depression  would 
be  the  product  of  the  density  and  depth  (Pg  «  62,14  h) .  The  effective 
Z/D  changes  considerably  for  the  side  by  siLcic  ciiic  t  configuration  as 
the  water  level  changes.  This  was  particularly  true  for  low  Z/D 
tests j  therefore,  the  Z/d  was  based  on  the  bottom  of  the  depres¬ 
sion.  A  maximum  surface  dynamic  pressure  was  obtained  from  the  field 
maximum  dynamic  pressure  curve  (Figure  U) .  In  the  water  tests  this 
high  velocity  in  the  depression  would  not  be  expected,  but  the  field 
maximum  dynamic  pressure  would  give  a  good  representation  of  the 
maximum  surface  gage  pressxire,  Pt-pQ  "  ratio 

of  Pg/P^.  Pq) as  obtained  from  the  test  data  is  shewn  plotted  versus  disk 
loading  (Figure  27).  At  low  values  of  disk  loading  some  of  the  data 
obtained  with  the  two-foot  duct  appears  to  be  very  poor,  but  it  must 
be  remembered  that  the  water  depressions  at  the  low  disk  loadings 
were  in  the  order  of  J  inch,  •vdiile  allowance  was  made  for  water  de¬ 
pressions  of  two  feet.  In  addition  the  wave  rods  were  supported  above 
the  water  surface  and  the  supports  interfered  with  the  air  flow  and 
hence  with  the  measurements.  The  one-foot-long  rods  used  on  the  side 
by  side  ducts  were  supported  beneath  the  surface  and  only  the  end  of 
the  rod  protruded.  Thus,  better  data  was  obtained,  as  evidenced  by 
the  better  correlation. 
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!Ilie  ware  amcUtude  inoraaiaed  with  disk  loading  susli'that  at  v  ■  1^0 
to  150  pounds  per  sq.uare  foot  the  amplitude  was  l/4  to  1/5  of  a  foot. 
Ihe  wave  freq.ueiicy  is  almost  independent  of  disk  loading  with  an 
order  of  magnitude  of  2  to  4  cps  throughout  the  disk  loading  range 
tested.  Ihis  data  is  plotted  in  References  2  and  3> 


5.2.7  ONSET  OF  ER03I0M 

Although  the  exact  disk  loading  and  Z/D  required  to  initiate  erosion 
was  not  obtained^  a  generlil  order  of  magnitude  of  the  surface  dynamic 
pressure  required  to  start  appreciable  movement  can  be  determined  ' 
from  the  test  results.  Fine  particles  of  loose,  dry  material  require 
a  surface  dynamic  pressure  of  one  or  two  pounds  per  square  foot . 

Large  dust  clouds  are  formed  by  these  particles  when  their  sise  is 
.01  to  .03  millimeters  in  diameter.  Ihe  larger  particles  such  as 
sand  (.2  to  .4  millimeters)  tend  to  settle  back  to  the  surface  unless 
the  wind  is  strong  enough  to  support  them.  From  the  dynamic  pressure 
reqvilred  to  start  the  erosion  of  sand  (approximately  two  pounds  per 
square  foot)  the  wind  velocity  reqvili’ed  to  sustain  these  particles 
might  be  assumed  to  be  in  the  neighborhood  of  30  and  kO  mph. 


Water  spray  was  formed  when  the  swface  dynamic  presswe  was  three 
pounds  per  sqxmre  foot.  The  spray  at  this  loading  was  very  close  to 
the  surface .  The  wave  frequency  was  two  to  four  cycles  per  second 
with  an  amplitude  of  more  than  inch. 


5. 2. 7.1  VEGETATION 


Hard  soil  surfaces  with  vegetation  showed  no  erosion  of  the  basic 
soils  at  the  maximum  disk  loadings  tested  (l40  pounds  per  square 
foot).  These  surfaces  all  have  fine  loose  particles  on  the  sur¬ 
face  that  start  in  motion  when  the  surface  dynamic  pressure  Is  1  to 
3  pounds  per  square  foot.  These  light  particles  form  light  dust 
clouds  and  the  pieces  of  dried  grass  or  vegetation  can  mat  up  on 
air  inlet  screens  to  present  a  real  problem. 


5. 2. 7. 2  SAND 


The  dry  sand  will  begin  to  move  when  the  surface  dynamic  pressure 
is  2  to  3  pounds  per  square  foot.  Saturating  the  sand  with  water 
greatly  reduces  the  erosion  ratej  however,  a  continuous  drying 
takes  place  at  the  s\irface  end  some  motion  would  be  expected. 
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5. 2. 7. 3  RIVES  GRAm. 


River  gravel  Is  alvays  aceoB^panled  lay  seme  sard.  Ll^t  sand  particles 
vere  'blevsi  from  the  atorface  ^ec  the  surface  dysaialc  pressure  was  two 
to  three  povsds  per  square  foot.  !lhe  size  of  the  particles  and  the 
height  above  the  surface  at  vdilch  a  given  particle  size  vas  found 
(Figure  23)  increased  as  disk  loading  vas  Increased.  At  ducted  pro¬ 
peller  disk  loadings  of  IhO  pounds  per  square  foot,  particles  approxi¬ 
mately  i  inch  In  diameter  were  found  at  the  highest  trap  location  I.OS 
duct  diameters  above  the  surface.  Adding  moisture  and  compacting  the 
surface  reduced  the  flov  rates  at  the  higher  trap  compartments,  but 
did  not  decrease  the  flov  rate  of  2?article  size  near  the  surface. 

At  lov  disk  loadiiags,  8  to  60  pounds  per  square  foot,  the  size  of 
the  particles  trapped  near  the  surface  increased.  Hie  addition  of 
vater  apparently  vashed  the  fine  particles  dovn  and  exposed  a  greater 
number  of  large  particles. 


6.  E7ALDAII0IT 


Ihe  velocity  survey  tests  liave  proven  to  te  of  considerable  Importance 
In  providing  a  general  understanding  of  the  erosion  problem, 
excellent  agreement  obtained  between  the  velocity  starvey  tests  of  the 
two-foot  duct  and  those  obtained  from  a  four-inch  nozzle  (Figures  28 
and  29)  show  that  velocity  survey  work  can  be  conducted  with  scale 
equipment  that  allows  accurately  controlled  conditions. 

Hie  critical  surface  dynamic  pressure  for  dust,  dry  sand,*  and  water 
was  shown  in  Reference  5  to  be  Independent,  of  scale  effects  in  the 
range  of  duct  diameters  of  one  to  sixteen  Inches.  The  critical 
dynamic  pressures  obtained  from  the  two-foot  duct  testa  of  Reference  2 
are  compatible  with  those  of  Reference  5*  Die  height  at  which  water 
spray  was  observed  (Reference  ?)  was  non-dimens lonall zed  and  plotted 
versus  the  "maximum  surface  dynamic  pressure"  (the  field  maximum 
dynamic  pressure).  Two  curves  were  obtained,  one  for  the  four-inch 
nozzle  and  one  for  the  l6-lnch  ducted  fan.  The  existence  of  the  two 
curves  was  attributed  to  the  small  size  of  the  water  pam  in  compari¬ 
son  to  the  16-lnoh  ducted  fan,  and  therefore  the  four-inch  nozzle 
data  was  considered  more  realistic .  Hie  results  of  the  water  tests 
described  In  References  2  and  3  are  in  good  agreement  with  the  I6- 
inch  ducted  fan  tests  (Figure  30).  The  pond  used  during  tests  of 
the  two-foot  duct  and  the  side  by  side  ducts  was  approximately  kO 
feet  by  100  feet  and  22  inches  deep.  Hie  size  of  this  pond  is  con¬ 
sidered  more  than  adequate,  and  the  curves  obtained  from  the  l6-inch 
ducted  fan  and  the  two-foot  ducted  propeller  are  considered  repre¬ 
sentative  of  full  scale.  A  discrepancy  exists  with  data  obtained 
from  full  scale  turbojet  experience  (described  In  Reference  5). 

Hiis  data  was  in  better  agreement  with  the  data  for  the  four -Inch 
nozzle. 

Hie  velocity  survey  and  soil  erosion  tests  conducted  under  this  pro¬ 
gram  will  continue  to  provide  valuable  Information  as  the  under¬ 
standing  of  the  problem  Is  extended.  As  of  the  present  time  the 
data  has  been  examined  to  determine  trends,  but  in  many  cases  the 
proper  variables  required  to  non-dlmenslonallze  and  analyze  this 
data  ore  not  available. 

A  large  number  of  variables  have  been  investigated  (Z/D,  w,  soil 
conditions  and  geometry).  Hiere  is  a  considerable  number  that  have 
not  been  considered.  One  of  the  most  Important  of  these,  surface 
wind  or  forward  velocity,  has  been  avoided.  Hie  tests  conducted 
indicate  that  the  surface  wind  has  a  profound  Influence  vgpon  the 
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yr ulilaa, ~ana~irgit~glM8~ are  aoraal  in  jractical  operation.  The 
geometry  vas  varied  to  some  extent;  liovever,  the  analysis  of  Appen¬ 
dix  I  Indicates  appreciable  chasgaa  in  the  field  maximum  dynamic 
pressure  are  brou^t  about  throuj^  variations  in  geometry.  Ihe 
basic  assumptions  upon  vhieh  the  analysis  depends  are  subject  to 
criticism;  however;  reasonable  agreement  has  been  obtained  with  the 
date  from  the  plenum  chamber;  annular  nozzle,  and  the  ducted  con¬ 
figurations  used  In  these  tests. 
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CALCULATIOMS  LEADIHG  TO  A  SOIOTIOH  OF  THE 
FIELD  MAXIMUM  DYMAMIC  PRESSURE  IH  GROUHD  EFFECT 
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LIST  or  SYMBOI^ 


base  plate  area 

duot  exit  flow  area 

pertphery  of  the  jet  (circumference) 

duot  exit  diameter 


equare  feet 
square  feet 
feet 
feet 


horizontal  force  resulting  from  the 
stxrfaoe  mass  flux 

air  mass  rate  of  flow 

pressure 

power 

dynamic  pressure 
net  thrust 

propeller  gross  thrust 


pounds 
slugs  per  second 
pounds  per  square  foot 
foot  pounds  per  second 
pounds  per  square  foot 
pounds 
pounds 


velocity 
disk  loading 

duct  exit  height  above  the  surface 
loss  ooefficient 

efficiency  factor 
air  mass  density 

V'l, 

q^/v/z 


feet  per  second 
pounds  per  square  foot 
feet 
none 
none 
none 

slugs  per  cubic  foot 
none 
none 
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3vt5i^Ipt8 

"b  ■  "base 

d  «  diffuser 

e  ■  effective 

G  =  gross 

i  ■  inlet 

n  ■  net 

P  ■  propeller 

T  ■  total 

0  to  5  a  control  stations  in  the  flow  field  (see  sketch  below) 


61 


duet  exit,  >Moh  is  sutrbalned  by  the  radial  aooeleration  of  the  loass 
flow,  a  solution  of  the  mass  flow  and  velocity  ean  be  obtained. 

Fj,  is  oaloulated  from  the  horizontal  acceleration  of  the  ground  flow. 

Fr  -  mAVr  -  mVg 


-  ^0^2° 

P,  -  ”^6  + 

^  “ZT  ° 


Equa.  (1) 


p  «  ”  +  p 

•  •  Zc 


0  /  T^ 


Equa.  (2) 


A  free  jet  loss  Is  defined  as: 

P  P 


6  +  P., 


but  Pg  -  Pg 


^T,  "  ® '16  ^  ^0  •"  '^6  "  *  ^0 

4 


Equa.  (3) 


Equating  equations  (2)  and  (3): 


2 

Substituting  m  »  /'At  Vi  and  miiltiplylng  by - 

/’’i. '=•*•> 


'’6V  ^*1.  ’6  -  _1 

jry  Zc(l  +6  57.  (1  +e  ) 


£: 

It 


r  1  + 

r  ^  1 1 

|d  +  e  ) 

Zc^  1  +  s  J 

-6  -  h  + 

V^  Zed  +e  )  C 


Eq\ia.  (k) 


Q 

Because  CZc/Ai  )'^  (1  +e  )  is  positive  and  V^A[,  cannot  be  negative,  the 
positive  sign^was  used. 

Now  the  total  thrust  can  be  calculated. 

%  -  -’u  *  *  "b' Vo> 

-  -Vu  ^ 

from  equation  (l) 


mV/ 


P,-P. 


k"  0  "  Tc' 


%  ■  "'1.  ♦  fr  <V*b’ 

h  ■  "'l,  [i  *  'bAl] 

_ % _ 

^k  j^i  ^  (^kA)  v^/v'j 


Equa.  (5) 
Equa.  (6) 


To  calculate  the  power,  the  inlet,  diffuser,  and  propeller  losses  are 
required. 


Define 
Inlet  Loss 


P  m  P  m  P  Pf 

e  .  ^0  ^2  *^0-  d 

i  •  II  M.i  I  —  m  I 
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I 


Ctffosiey  t6ss - 

Propeller  Efficienoy  T)p  ■>  r)p 

\  •  55(1  *«  )  *  Po 
■‘’’2  ■  ’2  '1  -  '“0 

Tp^  o  A2(P2-P2)  -  -  Pj  ) 


from  Equa,  (3) 


q3  =  qp 


"^0*^2  “i-Po" 


%-'’2  *2  («d  "  ^36  Vl"0 


Equa.  (7) 


P  V 
G  ^2 


y»  qg  Aj  (6^  +  e^)  +  q^jlApVg)  (1  +  6  ) 


-5  -  (1  -e  )  .  (VjA^)^  *  t  ) 


2Php  -  [(a  .=  )  (v^a,,)2  .  (yjj)!  (.^  » 


Combining  equations  (3),  (6)  and  (8)j 


!^lW^  (Vg/7^)i  (1  e)  .  (Ai^/Ap)^  (e^  +  ej] 


Equa.  (9) 


5i,J>  Jl'bMkiW 


From  Equation  (^) 


■'ll  aV  t J 


I«t  -  A^  ♦ 


T  r 

N  "  2  U.  *  Zo  o  ^ij 

A^yf^  (I'VV'VV^ 


I«t  Tjj/A^  -  w 


r  1  .  (V^>f 

w  -  ~^J 

^'>6  (1  .  A^/A|,)  (VjA^) 


<16  -iiiVVjA 

^  r  1  *(*Aii 


Equa.  (10) 


Equations  (10)  and  (h)  define  the  variation  of  the  field  maximum  dynamic 
pressure  with  the  physical  parameters  and  the  disk  loading.  If  these 
equations  are  expressed  in  terms  of  diameter  for  a  circular  jet,  the 
following  relations  are  obtained. 

Equation  (L)  becomes 

''6^  ■  •  [i  •  <1  * . 


65 


and  Equation  (10)  beoooea 


‘Id 


r  1  *  (\*\)1 

[v^  W^J 


and  if  •■  0 


1  +  I 

■Ovr  1575 


Equa,  (12) 


Choosing  values  of  Z/d  and  solving  equations  (11)  and  (12)  for  qg/w/Z 
the  curves  shown  in  Figure  1  are  obtained.  For  the  calculated  curve 
to  predict  the  test  results,  the  free  jet  loss  tjould  have  to  vaiy  from 
,1  at  Z/D  >■  .1  to  approximately  ,35  at  Z/D  =  3, 

The  value  of  2.V'r\ ^  (Figure  2)  was  obtained  by  substitution 
in  equations  (h)  and  (9)  with  the  assumption  that  and  are 

aero  and  that  the  jet  is  circular.  The  power  loading  parameter"* has 
values  greater  than  one  for  the  case  of  zero  losses  (  e ■  0) ,  which  is 
unrealistic}  however,  the  general  trend  of  the  maximum  surface  dynamic 
pressure  ratio  and  the  power  loading  parameter  le  encouraging.  The 
parameters  for  the  plenum  chamber  test?;  were  used  to  solve  equations 
(L)  and  (10)  with  the  resulting  q^  value  of  1,932  compared  to  test 

results  in  the  range  of  l.U  to  1,8.  The  analysis  was  extended  to 
represent  an  inclined  jet  and  the  parameters  for  the  annular  nozzle 
OEM  were  used  to  calculate  q^/w/Z  with  the  resulting  value  of  3,78 
obtained.  This  is  compared  to  the  test  data  where  1,9  ^  q^  ^  2,8. 

These  values  were  calculated  assuming  no  losses  and  therefore  should 
be  greater  than  test  data  values. 


This  analysis,  although  non-rigorous,  has  been  shown  to  provide  order 
of  magnitude  nuibers  for  three  geometrically  different  jets,  and  a 
reasonable  relationship  between  q^/w/2  and  Z/D  for  the  circular  jet. 
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Xt  vo'ald  be  wortfasrhile  to  exanine  the  equations  to  determine  the  in- 
fluenoe  of  -Uae  ptrametere  on  q^w/2.  Bquation  (10)  ean  be  rewritten 
in  the  ferns 


These  two  eiquationa  were  combined  and  the  first  derivative  of  qVw/2 
was  obtained  to  locate  the  minimum  value.  Solutions  were  found°at 


A^/Z  c  *■  0  or  CO  , 
detemihed. 


(1-  6  )  •■*  0,  but  no  solutions  between  0  and  i>o  were 


The  solution  of  Equation  10a  has  been  represented  graphically  in 
Figure  3  with  the  relation  between  Av /Ze  and  Z/D  for  a  circular 
nozzle.  ^ 

The  A|^/Zo  value  was  calculated  for  several  rectangular  jets  having 
aspect  ratios  of  1,  6  and  l6.  An  equivalent  diameter  was  then  obtained, 
the  equivalent  diameter  is  defined  as  the  diameter  of  a  circular  Jet 
of  the  sane  total  cross  sectional,  area  as  the  rectangular  Jet.  Figure 
U  was  then  constructed  to  present  the  effect  of  aspect  ratio  on  the 

qVw/2  parameter. 

6 

The  power  loading  disk  loading  parameter  2?'7}  i/O  A  )Vt  can  be 
related  to  the  field  maximum  dynamic  pressure;^  **  ® 


Zc 

and  q^v/2  ■  ^ 
from  Equation  (9) 


2F^^Ai^)- 

■■  -hPr^ 
% 


1  +< 

T  ■ 


(1  +^1^ )' 


and  from  Equation  (10a) 


■(1  I  0) 


. _ t _ -  % _ _ 

(1  *  »/2  (1  *  ^!i  V'''li>' 


Therefore,  any  reduction  in  q^'w/2  will  reflect  in  a  reduction  in  power 
loading,  which  would  be  desirable,  and  a  high  aspect  ratio  jet  would  be 
desirable  when  operating  in  ground  effect. 
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